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New experiment arrangement to study the spin rotation and oscillation of particles of a gas target, 
through which a beam of high energy particles passes, is discussed. Such experiment arrangement 
make it realizable for a storage ring and allows one to study the zero-angle scattering amplitude at 
the highest possible energies. Life-time of a particle beam in a storage ring can reach several hours 
and even days. Life-time of a particle in a gas target (gas trap) is long too. Particles circulate in the 
storage ring with the frequency v of several MHz. This yields to the v-io\A increase of the density of 
the beam of high energy particles, which blows a gas trap, in comparison with the single-pass case. 
Finally, this causes the perfectly acceptable angle of the spin rotation of particles containing in the 
gas cell. Relation between the index of refraction and effective potential energy of a particle in a 
medium is discussed. Phenomenon of the spin rotation of a particle captured to a trap under the 

Q action of a beam of polarized particles is considered. Expressions for effective potential energy and 
angle of spin rotation are derived for particles in a trap. Rotation and oscillation of deuteron spin 
Q\ . is studied. Estimations for angle of rotation show that the effect can be experimentally observed. 
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> ! I. INTRODUCTION 

O 

^vq ■ Investigation of spin-dependent interactions of elementary particles at high energies is a very important part of 
a program of scientific research has been preparing for carry out at storage rings (RHIC, CERN, COSY). It is well 
known in experimental particle physics how to measure a total spin-dependent cross-section of proton-proton (pp) 
■ and proton-deuteron (pd) (or proton- nucleus (pN)) and deuteron-nucleus (dN)interactions. 

Through analicity we can get dispersion relations between the real and imaginary parts of the forward scatter- 
ing amplitude. These relations are very valuable for analyzing interactions, especially if we know both real and 
£l< imaginary parts of the forward scattering amplitude in a broad energy range through the independent experimental 
^ measurements. 

qj ' There are several experimental possibilities for the indirect measurement of the real part of the forward scattering 
i amplitude [1]. 

Since no scattering experiment is possible in the forward direction, the determination of the real part 
of the forward amplitudes has always consisted in the measurement of well chosen elastic scattering 
observables at small angles and then in the extrapolation of these observables towards zero angle [1]. All 

of these methods, however, contain discrete ambiguities in the reconstruction of the forward scattering matrix, which 
can be removed only by new independent measurements. Consequently, what is needed is a direct reconstruction of 
the real part of the forward scattering matrix such we have in the case of the imaginary part through the measurement 
of a total cross section. 

It has been shown in [2-9] that there is an unambiguous method which makes possible the direct measurement of 
the real part of the spin-dependent forward scattering amplitude in the high energy range. This technique is based 
on the effect of proton (deuteron) beam spin rotation in a polarized nuclear target and (it is very important)on the 
phenomenon of deuteron spin rotation and oscillation in a nonpolarized target. This technique uses the measurement 
of angle of spin rotation of high energy proton (neutron) in conditions of transmission experiment - the so-called spin 
rotation experiment. 

The analogous phenomenon for the thermal neutrons was theoretically predicted by Baryshevsky and Podgoretsky 
in [10] and experimentally observed by Abragam and Forte groups [11-13] (the phenomena of nuclear precession of 
the neutron spin in a nuclear pseudomagnetic field of a target). 

It should be noticed that usually the spin state of high energy particles passing through a target is analyzed in the 
arrangement studying the spin rotation (see Fig.l). 
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FIG. 1. Conventional spin rotation experiment 

In the present paper it is shown that we can reverse experiment arrangement to study spin rotation and oscillation 
of particles of a gas target, through which a beam of high energy particles passes (see Fig. 2). Such experiment 
arrangement make it realizable for a storage ring and allows one to study the zero-angle scattering amplitude at 
the highest possible energies. Life-time of a particle beam in a storage ring can reach several hours. Life-time of a 
particle in a gas target (gas trap) is long too. Particles circulate in the storage ring with the frequency v of several 
MHz. This yields to the z/-fold increase of the current of the beam of high energy particle, which blows the gas trap, 
in comparison with the single-pass case. Finally, this causes the the perfectly acceptable angle of spin rotation of 
particles containing in the gas cell. 
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analyser of polarisation of protons 
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FIG. 2. Measurement of spin rotation for particles in a gas cell 

This paper, then, is organized as follows. In section II the relation between the index of refraction and effective 
potential energy of a particle in medium is discussed. Section III considers phenomenon of spin rotation of a particle 
captured to a trap under the action of a beam of polarized particles. Expressions for effective potential energy and 
the angle of spin rotation are derived for particles in the trap. Section IV studies rotation and oscillation of deuteron 
spin. Estimations for the angle of rotation show that the effect can be experimentally observed. 



II. THE INDEX OF REFRACTION AND EFFECTIVE POTENTIAL ENERGY OF PARTICLES IN 

MEDIUM. 

Close connection between the coherent elastic scattering amplitude at zero angle /(0) and the refraction index of 
medium N has been established as a result of numerous studies (see, for example, [14,?]): 



V = 1 + ^/(0) ' ■'■ 1 



where p is the number of particles per cm 3 , k is the wave number of a particle incident on a target. 

During derivation of (1) it is supposed that N — 1 -C 1. If k — ► then (N — 1) grows and expression for N has the 
form 

^ = 1 + ^/(0) 
Let us consider refraction on the vacuum-medium boundary. 
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The wave number of the particle in vacuum is denoted k, k' = kN is the wave number of the particle in medium. 
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FIG. 3. Kinetic energy of a particle in vacuum is not equal to that in medium. 
As it can be seen, the kinetic energy of a particle in vacuum E = 4-^- is not equal to that in medium E' = ^-§- 
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From the energy conservation condition we immediately obtain the necessity to suppose that a particle in medium 
possesses effective potential energy (see detailed theory in [15].) This energy can be found easily from evident equality 

E = E' + U 



U 



E' 



2irh z 



Pf(0). 



(2) 



Above we considered the rest target. But in storage rings moving bunches are usually used as a target. Therefore 
we should generalize expressions (1,2) for this case. Thus, let us consider cross-collision of two bunches of particles. 
Suppose that in the rest frame of storage ring the particles of the first beam have the energy E\ and Lorentz-factor 
71 , whereas particles of the second beam are characterized by the energy E2 and Lorentz-factor 72 . Let us recollect 
that phase of the wave in medium is Lorentz-invariant. Therefore, we can find it by the following way. Let us choose 
the reference frame, where the second beam rests. As in this frame the substance of the second beam rests, then 
refraction index can be expressed in conventional form (1): 



1 



^#/(^o), 



(3) 



where p' 2 = I2 P% is the density of the bunch 2 in its rest frame and p2 is the density of the second bunch in the 
storage ring frame, k[ is the wavenumber of particles of the first bunch in the rest frame of the bunch 2. Let us denote 
the length of the bunch 2 in its rest frame as L, L = 72 I, where I is the length of this bunch in the storage ring frame. 

Now we can find the change of the phase of the wave caused by the interaction of particle 1 with the particles of 
bunch 2: 



4> = k[(N[ - l)L 



2 -^m,o) k [ 1, 



(4) 



It is known that the ratio is invariant, so we can write ^^}'°" > — where f(E, 0) is the amplitude of 

elastic coherent forward scattering of particle 1 by the moving particle 2 in the rest frame of the storage ring. 
As a result 
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/(£l,0) V rei t, 



(5) 



where v re i is the velocity of relative motion of the particle 1 and bunch 2, if the first particle is nonrelativistic whereas 
the second that is relativistic, then v re i « c, where c is the light velocity, t is the time of interaction of the particle 1 
with the bunch 2 in the rest frame of the storage ring. 

The particle with velocity v\ = ^ passes the distance z = V\t over time t. It should be noted that the path 
length z differs from the length of bunch 2, because it moves. Expression (5)can be rewritten by the use of z: 



j>=^?lf(E l ,0)^z = k 1 (N 1 -l)z, 

fci Vi 

where the index of refraction of the particle 1 by the beam of moving particles 2. 

2np 2 v re i 



AT, = 1 



fci" 



L f(E,0) 



(G) 



(7) 
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If V2 = 0, the conventional expression (1) follows from (7) 

So, let us consider particles captured to a trap. They are nonrelativistic. From (2) U can be expressed as: 



tf = -— pa-/(i5i,0)= (8) 
mi v\ 

= —2nnp2C 



2Trh 2 



mi72 



fci 

/(^,0) = 
k[ 

P2.f(E[,0). 



where 72 is the Lorentz-factor of the bunch 2, the Lorentz-factor of the particle 1 is 71 — 1 hk[ — mic-f2- 

It should be noted that the amplitude of coherent elastic scattering at zero angle depends on T-matrix as follows: 

f{E[ , o) = J^&i T (E[) = {2nfm ll2 T{E[) (9) 

i.e. the amplitude of forward scattering is proportional to the Lorentz-factor 72. As a result, the quantity 7^~ 1 /(£'i, 
depends on the energy of a particle only due to possible dependence of T-matrix on energy. From (??,10) one can 
obtain 

U= (2ir) 3 p 2 T(E[) (10) 



III. ROTATION OF SPIN OF PARTICLES CONTAINED IN A GAS CELL. 

In 1964 it was shown [10] that while slow neutrons are propagating through the target with polarized nuclei, a 
new effect of nucleon spin precession occurred. It is stipulated by the fact that neutrons in a polarized target possess 
two refraction indices: for neutrons with the spin parallel to the target polarization vector and for neutrons 
with the opposite spin orientation , ^ N^. From the above it follows that in a medium with polarized nuclei, 
neuterons possess two effective potential energies: for neutrons with the spin parallel to the target polarization 
vector and Uf [ for neutrons with the opposite spin orientation , =/= CT-p j_ . This resembles interaction of neutrons with 
a magnetic field, where the energy of interaction depends on the relative orientation of neuteron spin and magnetic 
field. According to [10], this comparison enables one to conclude that in a target with polarized nuclei there is a 
nuclear pseudomagnetic field and the interaction of an incident neutron with this field results in neutron spin rotation. 
The results [10], had initiated experiments, which proved the existence of this effect [11-13]. 

Let us consider the experiment arrangement shown in Fig. 2. Gas of polarized particles (nuclei, atoms) is contained 
in a cell. A beam of relativistic polarized particles passes through the cell. The relativistic beam is a moving target. 
Let us study the polarization vector of particles captured to the cell. To describe this vector behavior, it is necessary 
to find effective potential energy of interaction of pacticlcs captured to the cell with the relativistic beam passing 
through it. First fo all the amplitude of elastic coherent zero-angle scattering of a nucleon by a polarized nucleon 
(nucleus) should be considered. 

General form of this amplitude with allowance for strong electromagnetic and weak interactions is given in [2]. 
Below we shall consider the cell containing protons (nuclei with spin 1/2). The beam of polarized protons passes 
through it. Let us take into account only strong P-,T- invariant interactions. In this case, the explicit structure of the 
clastic scattering amplitude of a particle with the spin 1/2 by a particle with the spin 1/2 (see, for example, [16]) 
proceeds from the following simple reasoning. In our case, the elastic scattering amplitude at zero angle depends on 
the spin operators ^ at, \at of an incident particle (beam) and that of a cell, and also on the relative momentum of 

particles k , i.e., on ft = -|- . Operators at, at can be contained in the expression for the amplitude only in the first 
degree, as higher degrees of if reduce either to a number or if. The combinations at, at and rf must be such that 
the scattering amplitude is a scalar and invariant in space and time reflections. These conditions definitely determine 
its general form: 

F = A + A 1 (at -at) +A 2 {ot-Ji) (at -it). (11) 
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By averaging the amplitude F with the help of a spin matrix of the density of particles pb, the elastic coherent 
scattering amplitude may be written as: 



/ = S PPb F = A + At (a* ■ f) + A 2 (o* • H) {it ■ Jt) (12) 

where ~jt = Sp pbOb is the polarization vector of a particle in beam. 
Amplitude / can be expressed as 

/ = A + at ■ t (13) 

where if = A\~]} + A^/ft {it ■ f?). 

To simplify further reasoning let us consider the situation when vector ~jt is either parallel to it (jf || it) or 
perpendicular to ft (7? _L if). 

In this case one has that g (jt \\ it) = {A\ + A^)^ and g (~J? -L it) = Aijt. Thus in these cases vector if is 
directed along ft. Selecting quantization axes parallel to ~p*, one can see that scattering amplitude f^=A + g of 
proton (nucleus) with spin parallel to ~jt is not equal to scattering amplitude f]i = A — g of proton (nucleus) with 
spin antiparallcl to Hence, corresponding effective potential energies are not equal to each other (i.e. ^ ^Ti)- 

Let us consider a particle, which spin is parallel to the vector of polarization of beam particles J?. From (8) it 
follows that effective potential energy of such a particle captured in a trap is 

U n = -^p b f n (E' c ,0). (14) 

Here and below M denotes the mass of the particle (nuclei) captured in the trap, pb is the density of the beam rotating 
in a storage ring, (E' c , 0) is the amplitude of elastic coherent forward scattering of the particle captured in the trap 
(particle 1) by the particle of the beam (particle 2) in the rest frame of the beam (particle 2), E' c is the energy of the 
entrapped particle in the rest frame of the beam, jb is the Lorentz- factor of the particle 2. The latter frame is the 
laboratory frame by definition. Effective potential energy of particle with opposite spin direction is 

U n = -^- b P b f n (E' c ,0). (15) 

Suppose that spin of the nucleon captured in a trap is oriented at the certain angle to the vector jt. This state of 
nucleon can be described as superposition of two states with spins directed along and opposite to the vector jt. Spin 
wave function of nucleon at time moment t = can be expressed as: 

^(°)=Xn =((£)) (16) 

or 

*<°) =*((;)) +*((;))■ (1 7 ) 

The state ^q)) possesses effective potential energy f/ff and the state ^ s characterized by U^. Hence, 

the spin wave function of a nucleon blowing on by a beam of high energy particles changes with time t as follows: 

tf(t) = Cl e-i^t +C2 e -ium ^Ojj = (18) 

= ciVn(«)((j))+C2VuW((j 
One can find nucleon polarization vector at the time moment t 

p n (t) = (V|a|V> (V-IV-r 1 - (19) 

and as a result 
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p nx = 2Rec* 1 c 2 ip^ip n (ip\ip) \ 

p ny = 2/mc*c 2 V> T * T V'u(V#r\ (20) 

Pnz = (ici^Ttl 2 - I C 2^T|| 2 ) 

Suppose that nucleon spin in time moment t = is perpendicular to the beam polarization vector ft. The axes z 
is directed along the beam polarization vector ~p\ Direction of nucleon spin in time moment t = defines the axes x. 
In this case c\ = c 2 = l/y/2. Using (20) we obtain 

Pnx = cos (fit) e" W*n-*u)t< W )-i, 

p ny - sin (fit) e -i^TT-^n)* M^)" 1 , (21) 
Pnz = 1 ( e -^TT* _ e -Pc*nt) (^)-i = 

e -pC(T TT t _ g-pccr n t 



{il>\il>) = \ (e _pccr TT t -f g-pco'TT* ) ) = Re ( u ir~ u T i) j s |- ne f re q U ency of nucleon spin precession around polarization 
vector J?, crjj (o"tj.) is the total cross-section of scattering in laboratory frame for particles with parallel (antiparallel) 
spins. It should be noted that Im /(0) = a. 

According to (21) the polarization vector of a nucleon, being blown by the beam of relativistic particles, rotates 
around nuclei polarization vector J? at the angle 

d = m = -J^- b P bRe ^-fn)t (22) 

This rotation is similar to the spin rotation appearing in magnetic field. Then we can conclude that the beam of 
relativistic particles acts on spin of particles captured in a trap by the nuclear pseudomagnetic field [10], which causes 
precession of spin of entrapped particles. 

Above we considered only cases with k _L 7? and k || 7?. In general case forward scattering amplitude is expressed 
by (13): 

/(0) = A + If ■ t 

Effective potential energy can be written as: 

2irh 2 f . n . 

The Shrodinger equation for spin wave function of a particle can be written as 

irpA = (j^. (23) 

and let to find behavior of spin of particles captured in a trap at arbitrary orientation of ~p and k . 

In general case a particle captured to a trap is affect by an electromagnetic field, in particular, an external magnetic 
field t. The energy of interaction of the particle with the external field should be added to U. As a result, if in a 
gas cell there is a magnetic field 1^, then the potential energy of a particle in a trap is 

u = -¥?-pbf(o)-iZ-Tl, 

where JiZ is the magnetic moment of a proton (nucleus) captured in a trap. Typically, the proton (nucleus) occur 
appears in the trap as a constituent part of an atom. In this case to describe the behavior of proton (nucleus) spin 
one should use Shrodinger equation for spin wavefunction 

ih— = (Ha + (7)*, 

where Ha is the spin Hamiltonian of the atom, which describes hyperfinc interaction of the proton and electron 
interaction in the atom, 



~fil is the magnetic moment of an electron. 
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IV. DEUTERON SPIN ROTATION AND OSCILLATIONS 



Suppose a deuteron is placed to a gas trap. Deuteron spin is equal to 1. This makes the picture of spin behavior 
more rich. Potential energy of interaction of the deuteron with a particle beam passing through the trap and external 
fields can be expressed as follows: 

where jt d is the operator of deuteron magnetic moment, M is the mass of deutron, /d(0) is the amplitude of elastic 
coherent scattering of the deuteron by beam particles . 

In contrast to the particles with spin 1 /2 rotation and oscillation of the deuteron spin appear even while a deuteron 
passes through unpolarized medium. Therefore, let us consider in details the case when a beam of nonpolarized 
particles passes through a trap. Let us also suppose that there is no external magnetic field. It is important that 
even for unpolarized medium the amplitude of zero- angle scattering /d(0) is a function of the particle spin operator 
and can be written as 

f d (0)=d + d 1 S 2 z (25) 

The quantization axis z is directed along n = Consider a specific case of strong interactions invariant under 
space and time reflections. For this reason, the terms containing odd powers of S are neglected. 

Correspondingly, the contribution to the effective potential energy, which is caused by the interaction of a deuteron 
with a beam of passing particles, can be expressed as 

Ueff = -^- b P b (d + d 1 S 2 z ) (26) 

From eq. (26) one can draw an important conclusion about Ueff being dependent on the spin orientation with 
respect to the momentum direction. Suppose m denotes the magnetic quantum number, then for a particle in the 
state, which is an eigenstate of the spin projection operator S z , one can express U e ff as follows: 

Ueff (m) = -jf^Pb (d + dim 2 ) (27) 

According to (27), the particle states with the quantum numbers m and —in have the same Ueff- As one can see, 
the picture of splitting of deuteron energy levels under the action of the passing beam coincides with that of splitting 
of atom energy levels in an electric field due to the Stark effect. Thus one can guess that a deuteron in a medium 
undergoes the action of some effective quasielectric nuclear field, caused by nuclear interactions of the deuteron with 
the passing proton (nucleus). 

The spin wave function of a deuteron captured to a trap at the time moment t = can be represented as a 
superposition of basis spin wave functions \m, which are the eigenfunctions of the operators S 2 and S z , S z x m = mXm'- 

i>= E ° m X™- ( 28 ) 

m=±l,0 

The wave function of a particle at the time moment t can be expressed as: 

ae lSl e-* Ult \ ) { ( ae lSl e'^ Ult 
*(*) = { [ a°(t) \ } = {\ be^e-i^ ]} = {{ be^e"^ \ } , (29) 

ce i5_ le -ic/_ lt y J [ y ce i*-i e -*tfit 

at the initial time moment a 1 (0) = ae lSl , a°(0) = be l5 °, a _1 (0) = ce"*- 1 , 5 m are the initial phases. It should be 
reminded that U\ = U-\. 

Let us choose coordinate system in which plane (xz) coincides with that formed by the vectors {$) (< S>— < ^^ > ) 

and it = -j- in the time moment t — 0. In this case <5i — So = S-\ — So = and at t = the components langleS x ) ^ 0, 
(S v ) = and (S z ) ? 0. 
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As a result we obtain: 

< S x >= V2e-ip^+^ ct b{a + c) cosfi^Redi t]/\^\ 2 , 

M-f h 

< S y >= -V2e-? p(ao+ ^ ct b(a - c) sin[^^ Red^} / \^\ 2 , (30) 

<S z >=e-^ ct (a 2 -c 2 )M 2 , 

(To = ~f^ to d is the total cross-section of scattering of a deuteron in the state with m — by a beam particle; 
(Ti = ^jfim (d + d\) is the total cross-section of scattering of a deuteron in the state with in = 1 by a beam particle. 

Particle with spin 1 also possesses tensor polarization i.e. tensor of rank two Qij = 3/2(SiSj + SjSi — 4/3^) . 
For it we can obtain 

< Q xx >= j-i [a 2 + c 2 ] e-P^ ct + 6 2 e"^ ct + 3ace"'' CTl ct | /|V>| 2 

< Q w >= |-i [a 2 + c 2 ] e-P" 1 ct + b 2 e-P° a ct - 3ace-P ai ct | /|V>| 2 

< Q 22 >= { K + c 2 ] ct - 2b 2 e-P°° ct } /|V>| 2 , (31) 

^ Qxy ***" 0? 

< >= 4 e -^ (CT0+ffl)ct 6(« - c) cosl^^i]/^! 2 , 

< Q BZ >= - 4=e-^+^ ct &(a + c)sin[^iW]/H 2 , 

where \tp\ 2 = (a 2 + c 2 ) e^ 1 ct + b 2 e^ ct . 

According to (30,31) the rotation appears if the angle between the polarization vector and momentum of a particle 
differs from | . At this for the acute angle between polarization vector and momentum the sign of rotation is opposite 
than that for the obtuse angles. 

If spin is orthogonal to momentum then (a = c) and particle spin (tensor of quadrupolarization) oscillate (does not 
rotate) 

< S x >= V2 e -^(^+^) ct 2 a 6cos[^^i?erf 1 t]/|V| 2 , 

< S y >= 0, (32) 

< S z >= 0, 

And tensor of quadrupolarization: 



< Q xx >= ^2a 2 e-P ai ct + b 2 e~ p(T0Z ^ 

< Qyy >= | -4a 2 e- pai ct + b 2 e^ ct | 
<Q ZZ >= ^2a 2 e-P aiCt -2b 2 e- p,TaCt ^/W 



(33) 



< Q X y > = 0, 

< Qxz >= 0, 



< Qy Z > = (_ 3 e _ (ff0+ffl)ct ^ sin[ ^Pb Red A 

I V2 Mjb J 



where \ip\ 2 = 2a 2 e^ 1 ct + b 2 e'P aa ct . 

Thus, according to the above analysis spins of polarized atoms captured to the gas cell rotate and oscillate under 
the action of the beam of nonpolarized high energy particles. From (32-35) it follows that oscillations damp with time 
and when t 3> l p ( CTo 1 +(Jl ) c on ly nonoscillating components < S z >, < Q xx > , < Q yy > , < Q zz > remain. 

Suppose now that at the initial time moment atoms in the a cell are nonpolarized. In this case (due to <ri ^ <jq) 
one can conclude that after passing the time t = pc{a\ — ctq) deuterons will become aligned under the action of 
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nonpolarized particles i.e. they obtain < Q zz > different from zero and < Q xx >—< Q yy >= —\ < Q zz > (it should 
be reminded that there is the relation < Q xx > + < Q yy > + < Q zz >= for tensor Qik)- At this the average value 
of spin of atoms in the cell becomes equal to zero (<^>=0). 



V. EXPERIMENTAL POSSIBILITIES TO INVESTIGATE SPIN ROTATION AND OSCILLATION OF A 
DEUTERON BLOWING BY A NONPOLARIZED BEAM ROTATING IN A STORAGE RING 

It should be mentioned that if deuteron in a trap exists as deuteron atom then (24) can be written as 

^ = _2vr^ * _ ^ -jt e -^ (34) 
m7 

where fd is the amplitude of scattering of the deuteron atom by the beam particles , \i e is the operator of magnetic 
moment of electron in deuteron atom. In this case, to find the angle of the atom spin rotation, we should consider 
Hamiltonian H = Hd + U, where Hd is the spin Hamiltonian, describing hyperfine interaction of deuteron and electron 
in a deuteron atom. 

Using U one can find the behavior of spin wave function and other spin characteristics of a particle (atom) at any 
certain time moment with the help of Shrodinger equation. 

ifi^ = H A ^. (35) 

According to the above analysis, to evaluate the considering effect it is necessary to estimate di . For this purpose let 
us consider the amplitude of deuteron scattering by a proton depending on spin orientation with respect to deuteron 
momentum. 

For fast deuterons the scattering amplitude can be found in the cikonal approximation [17,18]. According to [18], 
the amplitude of zero- angle coherent scattering in this approximation can be written as follows: 




-l)d 2 b\<p(J>)\ 2 d 3 r (36) 



where k is the deuteron wavenumber, b is the impact parameter, i.e. the distance between the deuteron and the 
proton centres of gravity in the normal plane; <p (~r*) is the wavefunction of the deuteron in the ground state; \ip (~r*)\ 
is the probability to find proton and neutron (in the deuteron) at the distance apart. The phase shift due to the 
deuteron scattering by a proton is 

Xd = ~^-J + V D (y,z',? ± )dz' (37) 

~r*± is the "r* component perpendicular to the momentum of incident deuteron, v is the deuteron velocity. The phase 
shift xd = Xi + X2, where xi and Xi are the phase shifts caused by proton-proton and neutron-proton interactions, 
respectively. 

For the polarized deuteron under consideration the probability \ip (~f*)\ is distinguished for different spin states of 
deuteron. Thus for states with magnetic quantum number m = ±1, the probability is \<p±\ (T*)\ 2 , whereas for m = 0, 
it is |<£o ( t )| . Owing to the additivity of phase shifts, equation (36) can be rewritten as 

/ (0) = z / W h~^f]+ *2 + 2**i ft - T±) t 2 (? + T±)} \<p ( r>)| 2 d 2 bd 3 r (38) 

where 



7T / V 2 7 V 2 7 V 2 7V 2 



h(2) 



e *xi(2) _ i 
2i ' 



Attention should be given to the fact that the latter expression is valid if one neglets spin dependence of nuclear 
forces between the colliding proton (neutron) and proton. When this dependence is taken into account, the phase 
shift xd is an operator acting in the spin space of colliding particles and in the general case the expansion (38) is 
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not valid. However, to estimate the magnitude of the effect of deuteron spin oscillations, spin dependence of nuclear 
forces may be negleted (spin dependent contribution was considered in [?] ) . Let us also omit terms caused by coulomb 
electromagnetic interaction. From (38) it follows 



/(0) = / 1 (0) + / 2 (0) 



2ik 



r _l 
2 



*2 6 + 



r j_ 



\<p (~?±, z)\ 2 d 2 bd 2 r±dz 



(39) 



where 



A( 2 )(o) = £ J t m (t)d^ = 



m D 
mi(2) 



/p(n)(0) 



and / p („)(0) is the amplitude of the proton (neutron)-proton zero-angle elastic coherent scattering. 
The expression (39) can be rewritten as 



d 2 £ d 2 r] dz 



/( ) = / 1 (o) + / 2 (o) + ^ J h(T) t 2 0f)| ¥>(?-"?>* 

Then from (40) 

Re f(0) = Re h(0)+ Re f 2 (0)-^- Im J ii(?)*2("»f ) \p (? - "»f>*) 
7m /(0) = 7m ^(0) + 7m / 2 (0) + + ^i?e ^ h( T)h(lf) |p (? - if , *) 



d A i d 2 fj dz 
2 d 2 £ d 2 v dz 



(40) 



(41) 



In accodance with (30,31) spin oscillation period is determined by the difference of the amplitudes Re f(m = ±1) 
and Re f(m = 0). From (38) it follows that 



2k { — > r /— > 

Re d x = -—Im J ti( £ )t 2 (Jf) ( £ 



t(7 



d 2 id 2 r ] dz (42) 
d 2 £ d 2 r/ 



It is well known that the characteristic radius of the deuteron is large comparing with the range of nuclear forces. 
For this reason, when integrating, the functions t\ and i 2 act on ip as (^-function. Then 



(43) 



Ak f°° 

Re d 1 = 7m/i(0) / 2 (0) / [^i (0, z) ip ±1 (0, z) - ip+ (0, z) <p (0, z)] dz 

n Jo 

4fc f°° 
Im di = —Reh(0) / 2 (0) / (0, z) <p ±1 (0, z) - <p+ (0, z) <^ (0, z)] dz 

n Jo 

The magnitude of the spin oscillation effect is determined by difference 

[v±i (0) z ) P±i (0, z) - ^+ (0, z) (0, z)] 

i.e. by the difference of distributions of nucleon density in the deuteron for different deuteron spin orientations. The 
structure of the wavefunction ip±i is well known: 



^ l = 47 



1 (u(r) 1 W(r) 



S12 > X 



(44) 



r y/g r 

where u(r) is the deuteron radial wavefunction corresponding to the S-wave; W(r) is the radial function corresponding 

to the D-wave; the operator Si 2 = 6( S^Tf,.) 2 — 2^ ; r? r = 5^ = |(~<7*i + ~c? 2 ) and a*i( 2 ) ate the Pauli spin matrices 
describing proton(neutron) spin. 
Use of (44) yields 



Re di = - 7m{/i(0)/ 2 (0)}G= -^7m{/ p (0)/„(0)} G 
Imdl ^^k Re {M°)M°)} G = -^Re{f P (0)fn(0)}G 



(45) 



10 



where G = / °° (^ " (r) r ^ (r) - \^P-) dr, r 2 = £ 2 + z 2 . Applying the optical theorem Im f = ± a, where a is the 
total scattering cross-section, one can obtain 

Re di = ~i {Re /p(0)ct " + Re G ( 46 ) 

3 / fc 2 \ / 6 3fc \ 

Imdl = 2^k \ Re h Re h ~ J^Y ai(T2 ) ° = {^k Re fp Re fn ~ J2^ ap<7n ) G (4?) 

where cr p („) is the total cross-section of the proton-proton (neutron-proton)nuclear scattering. 

Now we can evaluate the phase of spin oscillation of the deuterons captured in trap, which appears under the action 
of the beam of unpolarized particles rotating in the storage ring. 

The expression (48) could be rewritten as follows: 

„ Ti Redx „ , RediNU) 

where A c = is the Compton wavelength, N(t) = S^p^ct — N c vt is the number of particles passed through the 
target during the time t, Sb is the cross-section of the particle beam, which passes through the target, N c is the 
number of particles rotating in the storage ring, v is the frequency of their rotation in orbit. Suppose that N c = 10 11 , 
v = 10 6 and one can obtain tp = 10 -9 ^. Therefore, for S b = 10~ 6 cm 2 and t = 10 3 .s tp ~ 1 rad. 

Attention should be drawn to the fact that hydrogen atom in triplet state has spin 1. Therefore, all the above is 
relevant for a cell containing hydrogen atoms in triplet state, too. According to [6] study of deuteron spin-dependent 
scattering amplitude allows, among other things, to investigate real part of nucleon-nucleon scattering amplitude. 

If a cell contains hydrogen atoms, then studying spin oscillation and rotation of hydrogen atom blowing by a flow 
of nonpolarized protons one can reconstruct real part of proton-proton scattering amplitude. 

VI. CONCLUSION 

Thus, the above analysis shows that, as a result of coherent rcscattcring processes, a particle in a gas cell undergoes 
action of effective quasimagnetic and quasielectric fields, formed by the flow of high energy particles. Picture of energy 
levels splitting, necessary for analysis of behavior of particle spin, can be obtained from Shrodinger equation for spin 
wave function of a particle (35) 

lfL % = VefflP, (50) 

If a particle beam flying at a proton (deuteron, atom, molecule) containing in a cell has non-zero polarization, then 
from general structure of scattering amplitude [5] we can express U e ff as 

Ueff = -—pf(0)-jt N l1-jtJ (51) 

where jt N and ft e are the magnetic moments of nuclei and electron shell of atom, respectively, 

/(0) = A + A x + A 2 pff) (It ft) + (52) 

+di (j$ r?) + B (j$ r?) + Bj) [f x it] + 



+B 2 pr?) pf?) + B 3 pr?) (l?7f) + 
+B 4 (fH) + B 5 (y [f x ft]) (y r?) + .... 



where terms containing A and d are caused by strong P-,T-even interactions, those with B\, £? 2 , B 3 , B4 - by P-odd 
T-even, B - by P-odd T-odd and B 5 corresponds to P-even T-odd interactions. It should be emphasized that /(0) is 
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amplitude of scattering by atom as a whole, therefore it includes both scattering by atom nucleus and atom electrons, 
5^ is the spin of an atom. 

It should be emphasized that in discussed experiment arrangement the effect of rotation and oscillation of spin of 
particles captured in a trap can exceed those investigated for high energy particles passing through a trap. This is 
caused by the following. In the first case (when we observe spin rotation of particles captured in a trap, see Fig. 2) 
density of particles in a trap p can be quite low (p ~ 10 8 — 10 9 cm -3 ). As a result life-time of a particle beam 
rotating in a storage ring does not change. But in the second case (when we observe spin rotation of high energy 
particles, see Fig.l) the density of particles in gas cell should be rather high (for example, p ~ 10 12 cm" 3 ) to increase 
the effect value, but density growth yields to raising of multiple scattering by gas and, as a result, reduces life time 
of high energy particle in a storage ring. Therefore, in the first case observation time can exceed that in the second 
case and effect can grow. 

However, to carry out the above experiment one need to develop a trap, in which polarized atoms could live for a 
long time and, simultaneously, which is transparent for high energy particles. 
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